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(57) ABSTRACT

An eddy current object testing system includes an EC probe
and an acquisition channel which is configured to receive an
EC signal from the EC probe and to generate a visual output,
namely an impedance plane representation, of the output. A
display is coupled to the acquisition channel to display the
visual output. The at least one probe is provided with a test
loop substantially surrounding it and has a series switch
which can be selectively closed or opened to thereby cause
the image plane to assume a state that is indicative of a fault,
if any, in the EC probe.
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METHOD FOR MONITORING THE
INTEGRITY OF AN EDDY CURRENT
INSPECTION CHANNEL

FIELD OF THE INVENTION

The present invention relates to non-destructive testing and
inspection systems (NDT/NDI) and, more particularly, to
Eddy Current (EC) or Eddy Current Array technology (ECA),
employing eddy current probes with a test loop linked to it,
which allows checking the integrity of the testing system.

BACKGROUND OF THE INVENTION

Eddy current inspection is commonly used as a non-de-
structive method to detect flaws in surfaces of manufactured
components fabricated from a conductive material, such as
bars, tubes, and special parts for automotive, aeronautic or
energy industries.

Typical eddy current sensor configurations are impedance
bridge, pitch-catch (alternatively called reflection or trans-
mit-receive) and differential, but can also include more com-
plex combinations such as pitch-catch with differential
receivers, multi-differential, etc.

Each eddy current system regardless of'its configuration is
composed of coils in different shapes. In a standard eddy
current testing, a circular coil carrying current is placed in
proximity to the test specimen (which must be electrically
conductive). The alternating current in the coil generates a
changing magnetic field, which interacts with the test speci-
men and generates eddy currents. Variations in the phase and
magnitude of these eddy currents can be monitored using a
receiver coil, or by measuring changes to the current flowing
in the primary driver coil. Variations in the electrical conduc-
tivity or magnetic permeability of the test object, or the pres-
ence of any flaws, will cause a change in eddy current and a
corresponding change in the phase and amplitude of the mea-
sured current.

Eddy current field conditions associated with problematic
component conditions (including flaws, conductivity varia-
tion, thickness, etc) can then lead to non-destructive exami-
nation of the component.

It is always interesting to determine or verify the correct
functioning of the eddy current inspection systems; including
the entire system acquisition chain, the driver and receiver
arrangement, especially when there is an eddy current array
with different numbers of coils which makes it difficult to find
the broken coils in the system. Since non-destructive testing is
typically achieved on critical components, the ability to con-
firm the correct operation of the inspection system does have
a direct impact of the safety level of the inspected component
by elimination of risks associated with inspection system
malfunctions.

Determining the whole system acquisition chain function-
ality is especially important and interesting between the
inspections. This ensures the correct functioning of inspec-
tion system. An integrity check method should be capable of
producing a system condition diagnostic in between consecu-
tive inspections of a bar, for example in order to validate that
a whole batch of bars has been inspected with a functional
system and also to raise an alarm as soon as a failure in the
testing equipment is detected.

Determining the probe functionality has been under inves-
tigation for many years and there are patented inventions in
this field.

U.S. Pat. No. 8,395,377 describes a system for determining
the correct functioning of an eddy current probe/cable sys-
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tem. According to that patent, the determination of the status
is based on a frequency of the eddy current probe oscillator.
The method comprises a plurality of steps. In a first step, a
frequency of the eddy current probe oscillator is measured. In
a second step, the measured frequency is compared to one or
more previously measured frequencies, and/or to a predefined
frequency, and/or to a predefined range of frequencies. In a
third step, the status is determined by means of the result of
the frequency comparison. In another embodiment, the
amplitude of the demodulated frequency is measured and
compared to one or more previously measured amplitudes,
and/or to predefined amplitude, and/or to a predefined range
of amplitudes. And that third step of determining the status
also comprises determining the status by means of the result
of the amplitude comparison.

Although the known method allows determining the cor-
rect functioning of the eddy current system, there are some
limitations, which restrict the application of this method. First
of all, this invention checks only the probe functionality and
not the whole acquisition chain. Moreover, the invention
needs dedicated probe checking electronics. In addition, the
patented method may become difficult to apply to a complex
probe design, which includes a multiple coil array.

Another patent (U.S. Pat. No. 8,421,471) describes a self-
test unit linked to an eddy current system which performs
systematic quantitative checking of the signal processing
functions of the signal processing unit, the transmitting coil
arrangement, and the receiver coil arrangement, and upon
request, calibrates the signal processing unit with a calibra-
tion standard which is to replace the transmitter coil arrange-
ment and/or the receiver coil arrangement.

The U.S. Pat. No. 8,421,471 patent asserts that this is
advantageous because it allows for comprehensive checking
of the functions of the front-end, especially of the filters and
amplifiers as well as the probe, and thus, high reliability of the
measurement results is achieved, and calibration of the device
is also easily enabled. This applies especially to calibration
with respect to the adjustable preamplifier.

Nonetheless, the complexity ofthe U.S. Pat. No. 8,421,471
invention limits its applications. The method requires mul-
tiple steps including disconnecting the probe and dedicated
electronic and mechanics. In addition, based on its explana-
tion, it seems the U.S. Pat. No. 8,421,471 invention is only
suitable to test impedance probes.

Thus, the known probe checking techniques partially meet
the need to provide eddy current system integrity diagnostics.
Still, a new technique is needed to eliminate the limitations
and disadvantages of the known methods, especially for
multi-element probes. In particular, there is aneed foran eddy
current system condition monitor that will be fast enough to
be operated between consecutive inspection sequences, that
will allow monitoring of the whole acquisition chain includ-
ing the probe, that could be adapted for multiple probe type
including eddy current array and that will be inexpensive.

The following section describes advantages of the pre-
sented invention, which eliminate the limitations and draw-
backs of the known art described in the foregoing patents.

Objectives and Advantages

An objective of the present invention is to provide an ECA
system integrity testing method and system that is usable
between object inspection sequences, without stopping or
slowing down the object testing system as a whole.

This invention has advantages over exiting integrity check-
ing methods including the following. First of all, the tech-
nique allows testing the integrity of the entire system acqui-
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sition chain, with an ability to generate eddy currents to
receive eddy current signals and to generate a proper signal
and/or indication on the impedance plane.

In addition, this method can be adapted to existing eddy
current or eddy current array acquisition circuitry. Simple and
inexpensive implementation makes it scalable to large eddy
current array systems with different types of probes and coil
configurations, which specially makes it very interesting in
probes with multi-element channels. The method is also
extremely fast (less than 1 second) and can thus be used in the
very short time intervals available between consecutive
object inspections.

SUMMARY OF THE INVENTION

The invention comprises including a conductive circuit
(test loop) in the probe in which the eddy current probe
induces a difference of potential. This test circuit can be
remotely opened and closed. Closing the circuit (the test loop)
induces currents which are detected by the eddy current sys-
tem, and allows for monitoring the instrumentation. Opening
the circuit makes it possible to use the system for inspecting
components since it then becomes non-intrusive as no eddy
currents are generated in the open circuit test loop.

For checking the ECA system integrity, a programmable
controller can activate the test loop, which is then seen on
each of the channels as a relatively big signal change. Com-
paring the probe check reference signal acquired when the
system works properly with the signal for the current probe
check evaluation makes it possible to accurately assess the
condition of the whole system as well as of individual chan-
nels of probe.

In accordance with preferred embodiments of the inven-
tion, the eddy current object testing system comprises: at least
one EC probe including a drive-sense channel; at least one EC
acquisition channel configured to receive an EC signal from
the at least one EC probe and to generate an EC output
representative of characteristics of the EC signal; at least one
test loop substantially surrounding the at least one probe; and
a switch mechanism in series with the at least one test loop,
and configured to be selectively opened or closed, to thereby
cause the visual output to assume a state that is indicative of
a fault in the at least one EC probe.

The test loop can be provided integrally with the EC probe
or separately from it and configured to be coupled to it. The
EC output can be displayed in the form of an impedance plane
or electronically provided in that form. There may be a single
EC probe and a single test loop and/or a plurality of EC probes
and one or more test loops therefor.

Other features and advantages of the present invention will
become apparent from the following description of the inven-
tion which refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the test loop for a simple configuration of one
channel composed of one coil.

FIG. 2 illustrates the impedance plane signal associated
with the activation of the test loop. This figure shows the
reference test loop signal (operation point shift vector) as well
as the signal associated with the current probe check evalua-
tion.

FIG. 3A shows the test loop for a pitch-catch coil configu-
ration. Each transmitter or receiver is composed of a channel.
Each channel can be composed of a different coil number and
configuration.
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FIG. 3B shows the test loop for a differential coil configu-
ration. Each transmitter or receiver is composed of a channel.
Each channel can be composed of a different coil number and
configuration.

FIG. 4 shows an eddy current probe with the test loop
integrated in the system. The system comprises a program-
mable controller, an acquisition unit and a display to show the
impedance plane.

FIG. 5A shows multiple, non-simultaneously activated
coils that are linked to a test loop.

FIG. 5B shows an eddy current array with multiple, simul-
taneously activated coils that are linked to a test loop.

FIG. 5C shows an eddy current array with multiple, simul-
taneously activated coils, which are linked to multiple test
loops.

DETAILED DESCRIPTION OF THE INVENTION

The test loop of the present invention is based on eddy
current basics. Thus, when a shielding loop is positioned
around an eddy current test coil, a signal will be induced in the
loop and this signal will change the magnitude and phase of
current flowing in the coil. The detection of these changes
enables checking the ECA inspection system functionality.

FIG. 1 is a simple configuration of the test loop in one
channel, which is composed of a single coil 1, which is being
used for both the generation and reception of the eddy current
signals. The test loop 3 in this case consists of a conductive
circuit, which turns around the inspection coil 1. The switch
5 is utilized to activate test loop 3. Once the switch 5 is closed,
an eddy current is induced in the test loop 3. Consequently,
the coil 1 impedance is changed. However, when the coil 1 is
broken, it does not induce current in test loop 3 and conse-
quently, shows no changes in coil’s 1 impedance associated
with the switch 5 position.

The electrical impedance (Z) is the total resistance that a
circuit presents to an alternating current. In Eddy current
circuits, impedance includes the possible resistance (R) and
the inductive reactance (XL) components. The resistance
component and the reactance component are not in phase, so
vector addition must be used to relate them to the overall
impedance. For an eddy current circuit with resistance and
inductive reactance components, the total impedance is cal-

culated using Z=YR?+X,>.

This impedance can be graphically displayed using the
impedance plane diagram 21 (FIG. 2). Impedance also has an
associated angle such as 0,, called the phase angle of the
circuit, which can be calculated by

Xr
=

Tanf =

Referring to FIG. 2, the impedance plane diagram is a very
useful way of displaying eddy current inspection data.
Although the exact interpretation of the displayed results is
not consistently the same, depending on the probe configu-
ration, the use of an impedance plane representation and the
ability to graphically represent in-phase and out of phase
components of the acquired eddy current signal has made it
the accepted standard for inspections in the non-destructive
testing industry. It must be understood that each acquired data
correspond to a single point on the impedance plane referred
as the operation point. The operation point is directly related
to the global condition of the overall inspection system, the
probe and the condition of the material under test. Typically,
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testing results based on the operation point are possible by
reference to a known condition. For example, one may com-
pare the operation point on a known good part to the operation
point on an inspected component to determine or define
whether the component is defective. For the operation of the
test loop 3 between inspections of components, one is inter-
ested in the shift of the operation point O with the probe in the
air with the test loop open and the operation point P with the
probe in the air and the test loop closed.

Still referring to FIG. 2, the impedance plane is used for
evaluating the results of the test loop activation (TLA). When
one activates the test loop, an operation point shift will be
detected in the impedance plane. This operation point shift
represents changes affecting the operation point associated
with closing of the test loop. The shift of the TLA operation

point is a vector (such as \_7: and \_7;) This vector is the TLA
signal on which the TLA analysis will be based.
For TLA analysis itis necessary to define a reference signal

which is presented here as TLA signal (\_7:) This reference
TLA signal is obtained by activating the test loop when the
whole inspection system works properly (for example after a
more extensive calibration test). By comparing the reference
TLA signal with the currently obtained TLA signal for the

—
present system check evaluation (V,), one can monitor the
integrity of the inspection system. In this regard, a

4 V| =V - V|
Probe Integrity Test Value PITV (T) = ————
il

is calculated which is used for system integrity tests. A thresh-
old based on tolerance typically observed for a fully func-
tional system is established on PITV (T). Any T readings
exceeding the threshold is indicative of a system failure and
produces an alarm. This and makes it possible to take appro-
priate action in a timely manner. At any time between the
inspections, the TLA and associated PITV monitoring can be
repeated.

It can be appreciated that the TLA value can be calculated
either by the acquisition unit 75 or the programmable con-
troller 70, either of the embodiment is within the scope of the
present disclosure.

Although the test loop shown in the drawings ofthe present
disclosure are in a fashion of encircling the EC coils. How-
ever, the principal of the present disclosure includes all
arrangements as long as the test loop intersects at least a
portion of the electro-magnetic field associated to the respec-
tive drive-sense channel. This is because it is the interaction
between the test loop and the electro-magnetic field the of EC
channels causes the shifts in the operation points, on which
the TLA calculation is based.

The test loop concept can be applied to different coil con-
figurations. FIG. 3A shows a channel composed of pitch-
catch coils (transmitter coil 51, receiver coil 52). There is a
test loop 54 in this configuration where the switch 5 is used to
activate it. In this case, by closing the switch 5 a current will
be induced in the test loop 54. Consequently, one expects to
detect mutual inductance changes if the channel works prop-
erly. However, if the transmitter 51 and/or receiver 52 coils
are broken, by switching to test loop, the receiver coil shows
no changes. Otherwise, the principles of operation are exactly
the same as for obtaining the TLA signals and the PITV
monitoring.
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It should be noted that the coil type can be changed in this
configuration and the basics of probe checking concepts do
not change.

In this regard, the probe check concept can be used for
differential configurations as well (FIG. 3B). In this case the
differential signal developed between the coils is measured.
Differential coils are used for eliminating signals affecting
simultaneously both receiver coils (example; noise associ-
ated with lift-off variations). In a probe of this type both
receiver coils 63A and 63B are wound or connected in oppo-
sition. Consequently, signals that affect both receivers simul-
taneously cancel out. This type of configuration produces a
different impedance plane trend with double indications of
operation point.

Referring to FIG. 3B, a typical differential channel com-
prises a driver coil 61 and two receiver coils 63A and 63B. It
is also possible to construct differential channels in many
other ways different than the embodiment illustrated on FIG.
3B. Only one example is shown here to describe the applica-
tion of the probe check concept because the solution
described in association with FIG. 3B can be generalized to
other differential channel configurations.

With this configuration, one needs two separate test loops
(67A and 67B), each of which tests a respective, one half of
the configuration as presented in FIG. 3B. Only one test loop
results in the receivers’ differential measurements canceling
out the TLA signal.

In this case, closing switch 5a allows a current to be
induced in the test loop 67A and closing switch 55 results in
a current being induced in test loop 67B. Consequently, one
can expect to detect operation point changes if the coils work
properly by alternatively measuring the TLA signal associ-
ated with test loop 67A and 67B and generating two PITV
measurements. If the driver 61 is damaged, PITV measure-
ment associated with both receivers will be affected. If one of
the receivers’ 63A or 63B is damaged, the PITV associated
with only this receiver will be affected.

The present invention can be integrated in an eddy current
inspection system (FIG. 4) composed of different parts. This
allows checking the integrity of the whole inspection system.
FIG. 4 shows a schematic of the probe in a system. The
programmable controller 70 allows to control the system
functioning and to activate the probe test loop 80 between
inspections of the test object 74. The acquisition unit 75 is
used for acquisition of a signal from a test loop or from an
object during the inspection test. The display 77 shows the
impedance plane and measured PITV. Alternatively, the mea-
sured impedance plane value can be transferred to the pro-
grammable controller 70 in order to automatically measure
PITV each time the TLA is initiated. With the system, it is
possible to program and activate the test loop at any time
between inspections to continually ensure the integrity of
eddy current inspection system.

As shown in FIG. 4, in this invention, for the probe check-
ing and for the object inspections the same acquisition chain
(72 and 75) is used. Therefore, if any of the parts identified in
FIG. 4 does not work properly, the PITV measurement will be
affected enabling diagnosing the inspection system for mal-
functions and the like.

The eddy current array system integrity check concept can
be extended for multi-channel probes.

Depending on the probe design, these channels can be
activated simultaneously or non-simultaneously in each pre-
defined time interval. In each time interval, the coils compris-
ing in the channel can be used as drivers to induce an eddy
current and/or as receivers. Each channel is alternatively acti-
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vated at a predetermined switching sequence and at a prede-
termined switching frequency during consecutive time inter-
vals.

Different configurations of channel activation in each time
interval are presented in FIGS. 5A-5C. It should be under-
stood that the individual channels presented in FIGS. 5A-5C
can be any of the channel configurations previously presented
in FIG. 1 or 3A. For the channel configuration corresponding
to FIG. 3B, the test loop configuration will be adapted to
separately affect differential receivers but otherwise the same
concept applies.

Referring to FIG. 5A, eight (8) non-simultaneously acti-
vated channels 100A-100H are linked to the test loop 108.
The same physical coil can be used on multiple channels
without limiting to the scope of this embodiment of the inven-
tion as long as only one channel’s driver coil is activated at
each time interval. The activation of the test loop can be
controlled by a switch 105. Referring to FIG. 5A, only chan-
nel 100A is activated for the illustrated time interval. In this
case when a coil of a channel is broken or damaged, whether
a driver or receiver coil, the TLA signal for the probe check
evaluation will show an important PITV value. One can then
conclude that the probe is functional in the system based on
the PITV, relative to the damaged channel.

FIG. 5B shows an array of channels 200A-200H with mul-
tiple, simultaneously activated channels 200A, 200D, 200G,
which are linked to test loop 208. Other channels are inactive
during the time interval of this example. The activation of the
test loop 208 can be controlled by a switch 205. In this
example, when a driver coil of a channel does not work
properly, and there is more than one activated driver channel
in each time interval, the TLA signal will not be as informa-
tional as in the single channel activation of FIG. 5A, because
eddy currents are still induced in the test loop by all other
operational driver coils. The resulting PITV depends on the
number of simultaneously activated channels. If the number
of activated channels is such that the resulting PITV variation
is close to observed tolerance during a normal operation, the
broken coil detection will be difficult and multiple test loops
are required (FIG. 5C).

When the number of channels with multiple, simulta-
neously activated channels increases in an array, multiple test
loops could be required as shown in FIG. 5C. In this example
there are three simultaneously activated test loops 303A,
303B, and 303C. As shown in the figure, in each test loop only
one channel is activated at each time interval. In this case,
each separated loop is equivalent to the FIG. 5A arrangement.
When a coil of a channel in a test loop is damaged, the test
loop generates a unique and readily recognizable PITV sig-
nature. Multiple test loops can all be connected to each other
and can be activated simultaneously, which allows evaluating
the integrity of the entire system.

As an alternative embodiment of the invention, one may
use the inspection channels when the test loop is closed and
monitor the system integrity when opening the loop. With this
configuration, the test loop also acts as a shielding loop and
can thus become an active and useful component for the
inspection itself.

Although the present invention has been described in rela-
tion to particular embodiments thereof, many other variations
and modifications and other uses will become apparent to
those skilled in the art. It is preferred, therefore, that the
present invitation be limited not by the specific disclosure
herein, but only by the appended claims.
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What is claimed is:
1. An eddy current object testing system, comprising:

an eddy current probe array, configured for testing a test
object, said eddy current probe array comprising more
than two coils associated with different elements of
more than two drive-sense channels;

an acquisition unit coupled to the eddy current probe array
for producing an impedance plane output for each of'the
channels, said acquisition unit is connected with each of
the drive-sense channels; and

at least one test loop provided on the eddy current probe
array and at least one test loop switch in series with the
at least one test loops, the at least one test loop switch
being configured to selectively open or close the at least
one test loops, to thereby cause the impedance plane
output to assume a state that is indicative of a fault in one
or more elements of the eddy current probe array; and

wherein the acquisition unit is operative to selectively acti-
vate or deactivate selected ones of the drive-sense chan-
nels of the eddy current probe array.

2. The eddy current object testing system of claim 1,
wherein the at least one test loop is integrated with the eddy
current probe array in an EC probe housing.

3. The eddy current object testing system of claim 1,
wherein the at least one test loop is provided physically sepa-
rately from the eddy current probe array and is configured to
be coupled to an existing EC probe.

4. The eddy current object testing system of claim 1,
including a data processing and display unit electronically
coupled to the EC acquisition unit and configured to display
the EC output.

5. The eddy current object testing system of claim 1,
wherein the at least one test loop is a single test loop.

6. The eddy current object testing system of claim 1,
wherein each of the drive-sense channels comprises both a
driver coil and a receiver coil.

7. The eddy current object testing system of claim 6,
wherein the driver coil and the receiver coil are both substan-
tially surrounded by the at least one test loop.

8. The eddy current object testing system of claim 1,
wherein the impedance plane output is in the form of an
impedance plane associated with an operation point.

9. The eddy current object testing system of claim 1,
wherein each of the drive-sense channels comprises at least
one driver coil and a pair of receiver coils which are config-
ured as differential coils, and wherein the at least one test loop
comprises a first test loop which overlaps a portion of the one
of'the receiver coils and a second test coil which overlaps the
other one of the receiver coils.

10. The eddy current object testing system of claim 1,
wherein each of the drive-sense channels is configured to
produce the EC output indicative of a fault in the channel
when the switch mechanism is in one of the status of being
closed or open.

11. The eddy current object testing system of claim 1,
wherein the processing and display unit is configured to pro-
duce the output indicative of a fault in the channel when the
switch mechanism is in one of the status of being opened or
closed.

12. The eddy current object testing system of claim 4 is
further configured to produce a Probe Integrity Test Value
(PITV) based on operation point shifts when the switching
mechanism is activated.
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13. The eddy current object testing system of claim 12,
wherein the PITV is given by a vector AV, wherein

N A
av -4l
il

wherein V| and V, are vectors in the impedance plane, V,
is a reference vector for a fully functional eddy current
probe array, and V, is a vector for a faulty eddy current
probe array.

14. The eddy current object testing system of claim 1,
wherein the channels are of multiple channels of the same
type or different types and the at least one test loop is arranged
to intersect with at least a portion of the magnetic field of each
of the multiple channels.

15. The eddy current object testing system of claim 1,
wherein the switch mechanism or the indicative of a fault
takes place while the acquisition unit and the EC output are in
a continuously operational mode.

16. The eddy current object testing system of claim 1,
wherein the at least one test loop is a single test loop substan-
tially surrounding the elements of the eddy current probe
array with a single test loop switch in series therewith.
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17. The eddy current object testing system of claim 1,
wherein of the at least one test loop is a plurality of test loops
which are provided with each test loop of said plurality of test
loops comprising its respective test loop switch and encir-
cling a respective group of the elements of the eddy current
probe array.

18. A method of detecting a faulty eddy current testing
channel in an eddy current probe having at least two drive-
sense channels, the probe is electronically coupled with an
acquisition unit, which is subsequently electronically
coupled with a data processing and display unit, and the
acquisition unit receiving an EC signal from the at least one
channel and to generate an EC output representative of char-
acteristics of the EC signal,

the method comprising steps of:

providing at least one test loop substantially interacting

with the at least one channel;

providing a switch mechanism in series with the at least

one test loop, the switch is configured to be selectively
opened or closed,

providing an alarm signal when the switch mechanism

causes the output to assume a state that is indicative of a

fault in the at least one drive-sense channel, and
selectively activating or deactivating selected ones of the

drive-sense channels of the eddy current probe.

#* #* #* #* #*



